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Abstract

Nickel-based catalysts, supported on diatomite, silica gel and perlite, with high nickel
loadings, have been prepared by precipitation-deposition method. Various nickel precur-
sor salts were used for the preparation of catalyst precursors. In the precursor state, the
catalysts were characterized using nitrogen physisorption, mercury porosimetry, infra-
red, and X-ray diffraction spectroscopy. The reducibility of catalyst precursors was evalu-
ated using hydrogen temperature programmed reduction. Hydrogen chemisorption and
X-ray photoelectron spectroscopy measurements were performed with the aim of char-
acterizing the chemical state of the catalyst precursors. This research was focused on the
study of some major factors on the state, dispersion and reducibility of a deposited Ni**
phase by the combined use of mentioned experimental techniques. We have examined
the influence of the nature of support and the use of modifiers on activity of nickel-based
catalysts in the partial hydrogenation of sunflower and soybean oils. Nitrogen physi-
sorption and mercury porosimetry data showed that synthesis operating conditions and
pore structure of supports have a profound effect on the textural properties of catalyst
precursors. The analysis of infrared and X-ray diffraction spectra showed the existence
of chemical species and phases which indicate the different extent of interaction between
the support and the active metal. Temperature programmed reduction study revealed
that the reduction features depend on the identity of the nickel precursor salt and its
interaction with the support. A stronger interaction of the supported Ni* phase with
support hinders the reduction of catalyst precursors. Hydrogen chemisorption results
showed the presence of nickel crystallites varying from 5 to 47 nm in size. The X-ray
photoelectron spectroscopy data confirmed the formation surface species with different
strength of interaction and different nickel crystallite sizes. The hydrogenation results
showed significant differences, depending on the support and the modifier, as well as
structural characteristics of reduced catalyst precursors. The results show the importance
of modifiers in the control of the activity and selectivity of the partial hydrogenation
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process. The developed kinetic models of the hydrogenation of soybean and sunflower
oils over studied catalytic systems were found useful in the prediction of the rate of reac-
tions, product selectivity and catalytic activity.

Keywords: hydrogenation, soybean oil, sunflower oil, trans fatty acids, nickel catalysts,
diatomite, silica gel, perlite, activity, selectivity, kinetics

1. Introduction

Hydrogenation of edible oils is a process used since its development in the early 1900s, to convert
ats [1]. Principal products obtained by hydrogenation include oleomargarine stock, shortening,
salad and cooking oils [2]. Hydrogenation changes the melting and solidification characteristics
of the oils and is usually employed to reduce the degree of unsaturation of the naturally occur-
ring triacylglycerides (TAGs). Most of the unsaturated fatty acids in TAGs contain 18 carbon
atoms and the unsaturated fatty acids are almost completely in cis-configuration. The degree of
hydrogenation which leads to hardening of the oil depends on the application, but it is always
desired to reduce the level of polyunsaturated fatty acids such as linolenic (C18:3) and linoleic
(C18:2) acids due to their high sensitivity to oxidation [3, 4]. This process is commonly used for
vegetable oils with significant levels of linoleic acid, such as soybean and sunflower oils [5].

The hydrogenation process is usually carried out in a three-phase slurry reactor in a semi-
batch mode where hydrogen gas is bubbled with pressure in hot vegetable oil in the presence
of a catalyst [6]. In the industrial practice, hydrogenation process is typically carried out using
nickel-based catalysts, either in the form of nickels Raney, or supported on different materials
[7-10]. Economic price, high activity and easy availability of nickel make it superior over the
other metals. High nickel loading is usual in commercial supported catalysts [11]. Normal
operating conditions in commercial batch reactors are temperature range: 120-200°C, pres-
sure: 1-5 bar and catalyst loading ranging from 0.01 to 0.2 wt% depending on the properties
of the final product [12, 13]. It is desired to maximize the amount of oleic acid (C18:1) in the
final product, as well as to eliminate linolenic acid and to reduce the content of linoleic acid to
a substantial extent, without going too far towards producing the fully saturated stearic acid
(C18:0), since these are not easily digested as foodstuffs [14].

During partial hydrogenation, some of double bonds of unsaturated fatty acids in TAGs can be
isomerized into trans fatty acids (TFAs). Their intake was convincingly associated with risk of
coronary heart disease (CHD) based on epidemiologic and clinical studies and has been shown
to be harmful to human health [15-17]. In the last three decades, numerous research works
were published in order to explain the effect of TFAs on the cellular metabolism. The consump-
tion of foods high in TFAs has been shown to increase LDL-C and decrease HDL-C levels,
which increases the risk of developing CHD [18]. For this reason, the demand for smaller levels
of TFAs content in hydrogenated oils has increased and the search for alternatives is impor-
tant to improve the hydrogenation process. Improvements are required to find new types of
hydrogenation catalysts [19-25], new technological solutions [26] and new directions in edible
oil modification processes, involving interesterification, fractionation, or blending [27].
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The major advances in finding solutions leading to the reduction of TFAs in hydrogenated
oils have been achieved in the field of hydrogenation catalysts. In the last two decades, there
has been a growing interest for nanosized structures in the range 1-20 nm in different fields
of research [28]. This is also the size of metal particles in supported metal catalyst of new
generation of nickel [19, 25, 29-31] and precious metal hydrogenation catalysts [20, 32-34].
In general, such nanoparticles of metals such as nickel, palladium, ruthenium, or platinum
are used for hydrogenation, since the dissociatively adsorbed hydrogen is easily accessible
on these group VIII metals. Supported metal catalysts containing both a group VIII and a
group II metal [32, 35, 36], or a case where the catalysts containing both a group VIII and a
group IB metal [22, 29, 37—40] although insufficiently studied, can be found in the literature.
In these catalysts, the metal of group II or group IB is added as the modifier with the purpose
of promoting the cis-isomer selectivity. Recently, systematic investigation has been performed
over Pd-Mg, Pt-Mg and Ni-Mg supported on silica [36] and Ni-Mg-Ag supported on diato-
mite catalysts [29]. Regarding to cis/trans-selectivity, these catalysts produce less trans iso-
mers, promoting the cis-selectivity. The results have been interpreted by implying electronic
effect—modifying the local electron density of the transition metal either directly or through
the support [36] or geometrical effect (two separate metal phases) —blocking or masking the
effect on the active metal particles without forming the chemical bond [29].

Although many preparation methods have been developed for synthesis of a well-defined sup-
ported metal nanocatalyst, traditional precipitation methods remain widely used, especially
for industrial applications, due to their relatively low cost and simplicity. These approaches
typically involve precipitating of metal salts with an alkaline precipitant in the presence of sus-
pended supports and then thermal decomposition of salt to yield a dispersion of metal particles
on the support. It is often challenging to generate uniform metal dispersions, especially in the
case of high metal loading in supported metal catalysts. The desired metal dispersion depends
on different factors, including synthesis method, nature of the support, identity of metal precur-
sor salt, concentration of the metal, prereduction treatment and reduction conditions [41-44].

The most common methods used for preparation of supported nickel catalysts include
impregnation, co-precipitation and precipitation-deposition (PD). Among these methods, to
prepare catalysts with high nickel loading, the most suitable is the PD method. However,
in the synthesis of supported catalysts by this method, the interaction of the precipitating
precursor with the support such as silica or alumina plays a dominant role. Nickel ions (Ni*")
can react with hydroxyl ions and silica to form a bulk compound, nickel hydrosilicate, which
is more stable than the bulk hydroxide or hydroxyl-carbonate and nuclei stabilized by inter-
action with silica surface [45, 46]. It is undoubtedly proven that the reason for the difficulty
of reduction of the active phase on the supported metal catalyst lies in the strong mutual
interaction between precipitating nickel precursors and the silica support, with at least partial
formation of nickel hydrosilicates [46—49].

In the partial hydrogenation process of edible oils, a catalyst with the high activity and
selectivity is required [50-52]. To meet these requirements, the catalyst support should
provide sufficient surface area for the metal to disperse and there must be adequate metal-
support interaction [35, 43, 46, 48, 49, 53-57]. The nickel phase on different support surfaces
exhibits different extents of metal-support effects. This implies that the surface properties
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of the catalyst could be changed by the nature of the supported Ni** phase, thus acquiring
different characteristics and exhibiting different performances toward activity and selectiv-
ity, which are known to vary considerably with changes in the preparation conditions [41].

To control the fatty acid composition through temperature, pressure, catalyst and reaction
time it is necessary to have a kinetic equation. The kinetic equations based on complex mecha-
nisms as Horiuti-Polanyi [58] obtained from an extensive experimental work, give good results
for predicting the reaction products, but in practice, simple mechanisms are employed with
approximate results. An alternative is to use empirical modeling approach, which includes
mathematical and statistical techniques for chosen empirical model [59-66].

The present work contains a part of our comprehensive research that we conducted on
different nickel-based supported hydrogenation catalysts for their use in partial hydro-
genation of edible oils. In this work, the characteristics and the structure of high loading
nickel-based catalysts supported on diatomite, silica gel and perlite of different properties
are related to their activity and selectivity in the hydrogenation of sunflower and soybean
oils. Nitrogen physisorption and mercury porosimetry measurements, infrared and X-ray
diffraction spectroscopy analyses, temperature programmed reduction studies, quantita-
tive hydrogen chemisorption measurements and X-ray photoelectron spectroscopy were
used. The kinetic models for hydrogenation of soybean and sunflower oils were developed
to obtain the related kinetic parameters. The partial results derived of each one, treated
together, have allowed us to present an overall picture of the nickel-based supported cata-
lysts and some conclusions concerning the relationship in the triad —synthesis, structure
and properties.

2. Experimental

2.1. Materials used

The support materials used for the synthesis of nickel-based catalysts were diatomite, silica
gel and perlite. Diatomite support (D) was prepared from local crude diatomite (BaroSevac-
"Kolubara” coal basin, Lazarevac, Serbia) in our laboratories (IChTM-DCCE, see [67]). The
crude material was mechanically, chemically and thermally treated to obtain the desired sup-
port characteristics. Three types of commercial silica gel with different textural characteristics
(silica gel-A, silica gel-B, silica gel-C, silica gel = SiG hereinafter expressed as SiG-A, SiG-B
and SiG-C, see [68]), produced in Bulgaria, were used for the preparation of the nickel-based
catalyst supported on silica gel. Expanded perlite (PF, commercial product Perfit PF-295) sup-
plied with the courtesy of Termika Zrenjanin, Serbia, was used for synthesis of nickel-based
catalysts on perlite. Some of their characteristics are summarized in Table 1.

Refined, bleached and deodorized commercial sunflower oil (Dijamant AD Company, Zrenjanin,
Serbia) along with refined and bleached soybean oil provided by Factory of Oils and Vegetable
Fats Vital-Vrbas, Serbia, were used in the hydrogenation experiments. The initial iodine value
(IV) and the fatty acid composition of sunflower and soybean oil are listed in Table 2.
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Support Property
Nitrogen physisorption® Mercury porosimetry® He-Pe¢
Sger Viicro Vieso v, mean Pruii P Papp
(m?g™) (m?*g?) (m’g?) (ecm?g?) (nm) (g cm™) (vol %) (g cm™)
Diatomite (D)* 29 0.010 0.063 1.40 1188 0.59 73 221
Silica gel (SiG)*
SiG-A 777 0.280 0.170 0.05 13 1.21 6 1.29
SiG-B 581 0.210 0.780 0.21 15 1.41 29 1.98
SiG-C 387 0.140 0.850 0.31 13 0.73 22 0.94
Perlite (PF)* 6 0.002 0.015 2.56 5500 0.25 89 2.23

*Si0z2 content (wt%): Diatomite (D)—93.07; Silica gel (5iG-A, SiG-B, Sig-C)—100; Perlite (PF)—74.10.

“Determining surface area, adsorbed volume and pore size distribution in the micro- and mesopore ranges: S,.. —BET
specific surface area; V . —specific pore volume (micropore range: D < 2nm); V__: specific pore volume (mesopore
range: 2 nm <D <50 nm).

PDetermining total pore volume and pore size distribution in the meso- and macropore ranges: Vr—specific pore volume
at 200 MPa; pore diameter: D, —mean pore diameter; P—total porosity; constant surface tension for Hg was assumed:
Y =480 dyn cm™.

‘Helium picnometry —determining apparent density: p,  —includes closed pore (IUPAC).

Table 1. Typical catalyst support characteristics.

Soybean oil (SBO) Sunflower oil (SFO)

Iodine value (IV) 130.2 131.5
Fatty acid composition—CX:Y* (mass%)
Palmitic C16:0 11.0 7.3
Stearic C18:0 4.5 4.0
Oleic C18:1 21.3 26.0
Elaidic C18:1¢t <0.1 <0.1
Linoleic C18:2 53.8 62.2
Trans acids sum® trans-C18:2 sum <0.1 <0.1
Linolenic C18:3 7.1 <0.1
Others C14:0-C24:0 (soybean oil) 22 -

C20:0-C22:0 (sunflower oil) - 0.4

“Initial unsaturation of soybean and sunflower oil was measured in terms of IV.

°First number represents the total carbon number of the acyl groups and the second number represents the total number
of double bounds.
Sum: C18:2¢,t + C18:2t,c + C18:2t,t.

Table 2. Iodine value (IV) and fatty acid composition of soybean and sunflower oils.
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Analytical grade chemicals and pure hydrogen (99.999%) and nitrogen (99.999%) were
employed in the experiments and none of these gases contained catalyst-poisoning sub-
stances such as oxygen or sulfur.

2.2. Catalyst preparation

Catalyst precursor synthesis. All catalyst precursors were prepared by the precipitation-deposition
method. Figure 1 shows a schematic of the experimental setup for catalyst precursor synthesis.

Table 3 lists catalyst precursor samples designation, synthesis operating parameters and
nickel loadings.

The details of the synthesis procedures for differently supported nickel-based catalyst precur-
sors were given in our earlier works [29, 69, 57, 31].

Catalyst precursor reduction. The reduction of the catalyst precursors was performed by a dry
reduction method in a laboratory apparatus shown in Figure 2 (line: reduction). Catalyst
precursors were heated up to 430°C at a rate of 1.5°C min™ under flowing H, /N, gas mixture
(150 cm® min™, 50 vol% of H,) and maintained at 430°C for 5 h. Precursor treated in this way
is referred to as Rp (e.g., (Ni-Mg/D)Rp).

| _

n Reaction vessel
Suspension vessel
Precipitant

Peristaltic pump
Contact thermometer 1
I Contact thermometer 2
Thermostat 1

n Thermostat 2

Bl Thermocouple 1
Thermocouple 2

pH meter

Magnetic stirrer 1
Magnetic stirrer 2
Combine pH electrode
Data acquisitionsystem

Figure 1. Schematic representation of the experimental setup —catalyst precursor synthesis.
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Designation® Synthesis operating parameters® Ni loading
Catalyst precursor Sample (code) Ni/SiO, Ni/Mg® T,.° t,o’ Ni
(system) (molar ratio) (atomic ratio) O (min) (wt%)
Ni-Mg/D Ni-Mg/D* 0.93/1 10/1 90 120 36.3
Ni,-Mg/D 0.93/1 10/1 90 120 36.6
Ni_-Mg/D 0.93/1 10/1 90 120 36.2
Ni,-Mg/D 0.93/1 10/1 90 120 36.6
Ni-Mg/D 0.93/1 10/1 90 120 35.0
Ni-Mg-Ag/D* Ni-Mg-Ag,  /D* 0.93/1 10/1 90 120 359
Ni-Mg-Ag,./D*  0.93/1 10/1 90 120 35.2
Ni-Mg-Ag, ./D* 0.93/1 10/1 90 120 33.5
Ni/SiG* Ni/SiG-A* 1.01/1 - 90 120 43.7
Ni/SiG-B* 1.11/1 - 90 120 45.5
Ni/SiG-C* 1.00/1 - 90 120 43.5
Ni-Mg/PF* Ni-Mg/PE-1* 1.00/1 10/1 90 30 30.2
Ni-Mg/PF-2* 1.75/1 10/1 90 30 36.0

*Referred to catalyst precursors sample prepared from nitrate salts of nickel and modifier.

*Symbols in sample designation: A—acetate, C—chloride, F—formate, S—sulfamate; numbers refer to the Ag loading:
0.16 wt% of Ag (Ni-Mg-Ag /D), 1.55 wt% of Ag (Ni-Mg-Ag, ../D), 5.88 wt% of Ag (Ni-Mg-Ag_ . /D); Ni/Ag, . (atomic
ratio) = 400/1, Ni/Ag, . (atomic ratio) = 40/1, Ni/Ag, ., (atomic ratio) = 10/1.

"Constant parameters: T, —reaction temperature (precipitation-deposition), t,.—aged temperature, precipitant:
anhydrous Na,CO, approx. 50% in excess with respect to a sum of Ni and Mg molar content.

Table 3. Catalyst precursor systems and samples prepared.

Reduced catalyst precursor soaking—final catalyst. After cooling down to room temperature,
reduced catalyst precursors were protected by soaking in pure paraffin oil. After removing
the excess of paraffin oil by filtering, the final catalyst was stored.

Reduced catalyst precursor passivation. Passivation of the reduced catalyst precursors was neces-
sary to prevent the exceptional pyrophoricity of the metallic nickel before the reduced precursor
was exposed to air for characterization and handling. This treatment was carried out in a labo-
ratory apparatus depicted in Figure 2 (line: passivation). Reduced catalyst precursor was pas-
sivated at room temperature in a N, stream (150 cm® min™) containing 350 ppm O, for 30 min.

2.3. Characterization

Chemical analyses. The chemical analysis of nickel (Ni) was performed by standard test methods
for quantitative analysis (dimethylglyoxime method). The silver (Ag) loading was determined
using inductively coupled plasma-optical emission spectroscopy (ICP-OES) on an iCAP 6500
Duo apparatus (Thermo Fisher Scientific). Before the analysis, the precursors were subjected to
microwave digestion using a Milestone Ethos 1 advanced microwave digestion system.

Nitrogen physisorption (N -physisorption). N, adsorption/desorption isotherms of the catalyst
precursors at —196°C were measured on a Thermo Finnigan Sorptomatic 1990. Precursors
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Figure 2. Schematic representation of the experimental setup —catalyst precursor reduction/passivation.
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were previously degassed for 16 h at 110°C and 107 Torr (1 Torr = 133.3 Pa). The BET equation
was used to calculate the specific surface area, 5. Total pore volume, V, was estimated at a
relative pressure of 0.99.

BET"

Mercury porosimetry (Hg-porosimetry). Hg-porosimetry measurements were performed in the
fully automated conventional porosimeters: 1. Thermo Scientific Pascal 140 porosimeter (pres-
sure range: 0.01-0.1(0.4) MPa; pore size (diameter) range: 3.8-116 pum); 2. Thermo Scientific
Pascal 440 porosimeter —Solid 1.3.4 software (pressure range: 0.1-400 MPa; pore size (diameter)
range: 0.0036-15 um)—data acquisition with the software package Solid 1.3.4; 3. Carlo Erba
Macropore 120 porosimeter (pressure range: 0.01-0.1 MPa; pore size (diameter) range: 3.8-116
um (or 15-150 pum); 4. Carlo Erba 2000 porosimeter (pressure range: 0.1-200 MPa; pore size
(diameter) range: 0.0075-15 pum)—data acquisition with the software package Milestone 200.

Density measurements. Apparent densities were measured using a helium pycnometer, which
uses a gas displacement technique to determine the volume of the solid material under test.
The measurements were performed using a Pycnomatic ATC (Thermo Fisher Scientific).

IR measurements. IR spectra were recorded on a Perkin Elmer 983 G spectrometer (4000-250 cm™)
and a Thermo Scientific Fourier transform Nicolet 6700 spectrometer (4000—400 cm™). KBr pellet
method was used: 1 mg of precursor was well mixed into 200 mg fine KBr powder and the finely
pulverized and put into a pellet-forming die.

X-ray diffraction (XRD). Powder XRD patterns were obtained with a Siemens D5005 diffractom-
eter, equipped with a graphite monochromator and Antoan Paar chamber. Copper filtered Cu Ko
radiation (A =0.154184 nm) was employed covering 20 angles from 5 to 80° or from 10 to 100°. The
average metal crystallite sizes were estimated by application of the Sherrer equation. The width of
the Ni-(111) peak at half-maximum was corrected for Ka doublet and instrumental broadening.

Hydrogen temperature programmed reduction (H,-TPR). Hydrogen temperature programmed
reduction experiments were carried out in an automatic apparatus Thermo Scientific TPDRO,
Pulse Chemisorb 1100. H,-TPR experiments of catalyst precursors were performed in the tem-
perature range 50-900°C, using a flow of H /Ar (20 cm® min™, 4.9 vol% of H,) and a heating
rate of 2°C min™. A cooling trap filled with 3A-MS was installed between the oven and TCD
to remove the water formed during the reduction. The consumption of H, was monitored by
a thermal conductivity detector. The detector response was calibrated by reducing a known
mass of CuO. TPR profiles were normalized to the same mass of catalyst precursors.

Hydrogen chemisorption (H,-chemisorption). H,-chemisorption data were obtained using
both the static method (standard volumetric apparatus) and the dynamic method (Thermo
Scientific TPDRO, Pulse Chemisorb 1100).

Experimental setup—standard volumetric apparatus. In situ reduction of catalyst precursors at
430°C for 1 h by passing a mixture of hydrogen and nitrogen (H,/N, =1:1 v/v) over the sample.
Reduction conditions were as follows: heating rate: 2°C min™ and H,/N, gas mixture flow of
20 cm® min™. After reduction, the precursors were degassed at 10 Pa for 4 h at the same tem-
perature and cooled at 25°C to carry out chemisorption measurements. The pressure range of
the isotherms was 0.1-13.3 kPa and the amounts of hydrogen chemisorbed were calculated by
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extrapolation of the isotherms to zero pressure. Further details about the expressions used to
calculate nickel crystallite sizes can be found in our previous paper (see [29]).

Experimental setup—pulse chemisorb TPDRO 1100. In situ reduction of catalyst precursors at
430°C (2°C min™) for 1 h, under a flow of 20 cm® min™ H,/Ar (4.9 vol% of H,). After reduction,
the precursors were degassed by temperature programmed desorption at 425°C (carrier gas
Ar) and cooled at 45°C, to carry out chemisorption of H,. Finally, the catalyst precursors were
subjected to a known number of calibrated pulses (0.353 cm®) of pure H, at 45°C.

X-ray photoelectron spectroscopy (XPS). The quantitative chemical composition of surfaces of cata-
lyst precursors and the valence state of studied ions were obtained by X-ray photoelectron spec-
troscopy. XPS measurements were performed using a VG Scientific Escalab Mk II spectrometer
interfaced with the necessary data handling software Lab Cal 2. Spectra were recorded under
ultrahigh vacuum conditions (10°® Torr), using Al Ka primary radiation (1486.6 eV). Data were
collected in the sequence of a survey scan (to determine the C 1s reference), followed by scans of
the O 1s, S 2p, Ni 2p, , and Ag 3d regions to minimize the time of exposure to X-rays.

2.4. Catalytic activity measurements

Partial hydrogenation of sunflower and soybean oil over prepared catalysts was carried out
under laboratory and pilot plant conditions. Schematics of the lab- and pilot-experimental
setup are shown in Figures 3 and 4.

11
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Figure 3. Schematic representation of the experimental setup —laboratory reactor system.
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Figure 4. Schematic representation of the experimental setup —pilot plant reactor system.

Experimental setup—laboratory reactor system. The hydrogenation tests were carried out in a
Parr 5100 glass 1 L jacketed reactor operated in a semibatch mode. The laboratory system
comprises a catalytic reactor interfaced with a mass flow controller —Bronkhorst EL-FLOW
model F-201C and a digital electronic pressure meter —Bronkhorst EL-PRESS model P-502C
and a minicomputer. The reactor was connected to a hydrogen source, maintained at a con-
stant pressure. The reduced catalyst was added to the oil when the reaction temperature was
reached using a new type of catalyst feeder constructed in our laboratories IChTM-DCCE).
The catalytic tests were performed at 160°C and 0.2 MPa, using 900 g of sunflower oil. The
catalyst weight was adjusted in order to keep constant oil to Ni mass ratio (0.06 wt% Ni with
respect to the amount of oil). The stirring rate was 1200 rpm. An experimental procedure
of hydrogenation test under laboratory conditions was described in detail in our previous
paper [30].

Experimental setup —pilot plant reactor system. The catalytic experiments were carried out in a
7.5-L batch-stirred PPV (Pilot Plant Vital) reaction vessel. The PPV and its ancillaries were
available at the research facilities of Oils and Vegetable Fats Factory Vital-Vrbas. Figure 4
shows a schematic representation of the experimental setup.

Each experiment was performed at a constant liquid volume and constant oil/catalyst mass
ratio (see [29]). Before the reactor was heated, the headspace was purged with nitrogen to
remove oxygen. The catalyst sample was precisely weighed and added to the liquid soybean
oil at working temperature (160°C), under a mixing speed set at 750 rpm. The reactor was
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then pressurized with pure hydrogen to the operating pressure (0.16 MPa). During the experi-
ments, the heat flow, hydrogen uptake and reactor temperature and pressure were monitored
by instruments interfaced to the reactor PPV system. For each run, the soybean oil batch was
partially hydrogenated to a final IV of 90. The composition of fatty acids in the original soybean
oil and hydrogenated products was analyzed by the capillary gas chromatographic method.
Experiments were performed on a Schimadzu GC-9A equipped with flame ionization detector
(FID). Chromatographic conditions were as follows: HP-88 capillary column (100 m x 0.25 mm,
0.20 um film thickness, Agilent), oven temperature of 180°C, detector and injector temperature
of 240°C. Injection was carried out in the splite mode at a splite ratio of 1:4. The injection volume
was 2 puL. Helium was used as the carrier gas at a constant flow rate of 1.2 cm® min™. The IUPAC
method I1.D.19 [70] for preparation and CG analysis of fatty acids methyl esters was used to
convert fatty acids, taken out at predetermined time intervals from the catalytic reactor, into
their corresponding methyl esters.

3. Results and discussion

3.1. Catalyst precursor characterization

Nitrogen physisorption (N ,-physisorption —NP). Nitrogen adsorption-desorption measurements
were performed to determine the effect of the support and preparation parameters on the BET
surface area, pore volume and mean pore diameter of prepared catalyst precursor samples.
The obtained results are summarized in Table 4.

Table 4 reveals that specific surface area (S,,,) was greatly enhanced after deposition Ni**
precipitates onto the macroporous diatomite and/or perlite support. The prepared samples
have BET surface areas, which are an order of magnitude larger than the surface area of the
supports. The catalyst precursors have significantly different values of the pore volume and
mean diameter of pores compared to the starting support materials (Tables 1 and 4). It has
been shown in numerous studies that improved textural properties of the supported metal
catalysts are related to the metal-support interaction (MSI) [49, 71-73]. This phenomenon
was also observed in the nickel catalysts supported on diatomite and/or silica [54, 71]. The
authors explained an extremely enhanced BET surface area by forming supported interme-
diate phases layered structure-nickel hydrosilicates as a result of nickel-support interaction.
Nepouite-like (1:1 nickel hydrosilicate) is the main Ni** phase formed in Ni/SiO, samples
prepared by the PD method on silica with a high surface area [56]. In the case of Ni-Mg/D
precursors, it is reasonable to assume that the improved textural properties of the precursors
are the results of MSI, as elucidated by IR and XRD patterns discussed later in this paper.
Ni/SiG precursors showed different behavior. A considerable decrease in the BET surface
area was observed in the Ni/SiG-A and Ni/SiG-B precursors formed by precipitating the Ni*
species onto micro- (SiG-A) and mesoporous (SiG-B) supports initially having high surface
areas. It is well known that the supports with low specific surface areas favor the forma-
tion of nickel hydroxide or hydroxyl-carbonate phases whatever the preparation method is,
while supports with high specific surface areas allow the growth of hydrosilicate to occur
[74]. It is likely that the high nickel loadings in those precursors (above 40 wt%, Table 3)
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Sample S? Sneso/ S? v, Vmeso/Vp" e’
(m*g™) (cm® g™ (nm)
Ni-Mg/D 224 0.602 0.201 0.695 3.5
Ni,-Mg/D 223 0.430 0.161 0.571 3.7
Ni_-Mg/D 208 0.516 0.170 0.694 4.1
Ni.-Mg/D 177 0477 0.150 0.613 4.5
Ni-Mg/D 255 0.472 0.232 0.698 5.5
Ni-Mg-Ag, ../D 167 (157%) 0.655 (0.585%) 0.172 (0.157*%) 0.610 (0.599*) 4.1 (4.0%
Ni-Mg-Ag, /D 124 (136%) 0.812 (0.753%) 0.149 (0.157%) 0.691 (0.662%) 48 (4.6%
Ni/SiG-A 269 (146%) 0.781 (0.836*) 0.530 (0.310%) 0.604 (0.710%) 8.8 (8.9%)
Ni/SiG-B 392 (193%) 0.735 (0.642*) 0.840 (0.320%) 0.464 (0.594*) 6.7 (7.0%)
Ni/SiG-C 367 (216%) 0.757 (0.676*) 0.630 (0.340%) 0.730 (0.647*) 10.2 (7.0%)
Ni-Mg/PF-1 210 0.622 0.169 0.799 3.7
Ni-Mg/PE-2 225 0.898 0.186 0.946 3.6

*Data for reduced-passivated samples: (Ni-Mg/D), v (Ni—Mg-Agl‘SS/D)RP and (Ni-Mg—AgiSS/D)RP; (Ni/SiG-A)Rp, (Ni/SiG-B)Rp
and (Ni/SiG—C)RP.

aS: specific surface area-BET method.

'S ., and V__ :contribution of the mesopores.

‘D___:mean pore diameter.

mean

Table 4. Nitrogen physisorption data for dried and selected reduced-passivated catalyst precursor samples.

mitigate the effect of MSI leading to the formation of bulk nickel hydroxyl-carbonate cover-
ing the hydrosilicate layer formed in MSI. On the other hand, the precipitation of Ni** spe-
cies onto the SiG-C support does not affect the BET surface area of the Ni/SiG-C precursor
(see Tables 1 and 4).

The nitrogen adsorption-desorption isotherms are presented in Figure 5. Comparative plots
have been constructed for all supports and systems of catalyst precursors.

In general, the experimental N, adsorption-desorption curves of samples closely resemble a
type IV isotherm characteristic for mesoporous solids according to the IUPAC classification,
with exception of the samples of D and SiG-A that appear to be extensively macroporous
(isotherm type II) and microporous (isotherm type I). In the case of catalyst precursors of type
Ni-Mg/D (Figure 5a and d) after saturation of micropores, nitrogen uptake monotonically
increases with p/p, values due to sorption in the sample larger pores. After filling of meso-
pores, the uptake remains essentially invariant with p/p, values. The slope of curves is small,
indicating a low content of mesopores having a wide pore size distribution (PSDs). In con-
trast, the catalyst precursors prepared on SiG and PF supports had sharper slope of nitrogen
adsorption curves, indicating mesopores present with narrow PSDs.

It is well known that the occurrence of the capillary hysteresis loop depends on the pore sizes.
In N,-physisorption, the isotherms of the samples with the smallest pore size do not exhibit hys-
teresis, while the samples with the smaller pore sizes exhibit isotherms with narrow hysteresis.
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Figure 5. Experimental N, adsorption-desorption isotherms at -196°C for dried and reduced-passivated samples: (a) D,
Ni-Mg/D; (b) SiG, Ni/SiG; (c) PF, Ni-Mg/PF; (d) (Ni-Mg/D),, (Ni-Mg-Ag/D),, (Ni/SiG), .. Units and shifts along Y axis
are chosen for convenience.

Wider capillary hysteresis loops are observed in the nitrogen isotherms on the samples with
larger pore sizes. Besides, the shapes of the capillary hysteresis loops vary from a "triangle" to a
well-pronounced "parallelogram". The results obtained for N -physisorption showed that sam-
ples differ in the shape and types of hysteresis. As can be observed, the precursors Ni-Mg/D,
Ni-Mg-Ag/D and Ni-Mg/PF are characterized by capillary hysteresis loops with shape of a tri-
angle (Figure 5a and c) unlike the precursor Ni/SiG having capillary hysteresis loops shape that
look like a parallelogram (Figure 5b). The hysteresis type of the samples cannot be classified
into any types of IUPAC classification and mostly resembles the H3 type corresponding to the
mesoporous solids with a broad distribution of the pore sizes. Despite the expected absence of
hysteresis for the diatomite support, a narrow loop of H1 type in the IUPAC classification was
observed (Figure 5a).
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Thermal treatment of reduced samples has not changed the pore structure significantly, pre-
serving their mesoporosity (Figure 5d).

Mercury porosimetry (Hg-porosimetry—MP). The relevant mercury porosimetry experimental
data are summarized in Table 5.

Table 5 indicates a large total pore volume and porosity for the dried catalyst precursor of Ni/
SiG and Ni-Mg/PF systems. In the case of Ni-Mg/D catalyst precursor, the pore volume and
porosity, as shown in Table 5, are obviously different from those mentioned above. The total
pore volume and porosity are, in general, significantly lower and the pores are significantly
smaller in diameter (D___and/or D_ ). The differences between the prepared precursors may be
associated with differences in pore structure characteristics of supports and the nature of nickel
precursor salt.

Sample VPb Pe Py D, ..c D, f
(cm® g) (vol %) (g cm™) (nm) (nm)

Ni-Mg/D 0.393 47 1.19 164 7.0
Ni,-Mg/D 0.228 34 1.48 219 41

Ni -Mg/D 0.246 34 1.39 177 4.7

Ni -Mg/D 0.118 20 1.72 73 2.7
Ni-Mg/D 0.585 54 0.93 229 9.2
Ni-Mg-Ag, /D 0.092 (0.135%) 16 (26 1.78 (1.89%) 29 (177%) 2.2 (3.4%)
Ni-Mg-Ag, /D 0.111 (0.144%) 21 (29%) 1.84 (2.01%) 89 (189%) 3.6 (4.2%)
Ni/SIG-A 0.655 49 0.75 2331 9.7
Ni/SIG-B 1.876 72 0.38 1152 19.1
Ni/SIG-C 1.268 61 0.48 3087 13.8
Ni-Mg/PF-1 1.683 79 0.47 3690 32.0
Ni-Mg/PF-2 0.945 66 0.70 2237 16.8

“Data for reduced-passivated samples: (Ni-Mg/D), , (Ni-Mg-Ag, ../D),  and (Ni-Mg-Ag, /D), .
2Acquisition data obtained by Milestone 200 and Pascal softwares.

"Pore volume.

Porosity calculated from bulk density of dried sample as measured in porosimeter.

dBulk density.

‘Pore diameter: D___—computed from the corresponding PSD curves.

mean

‘Pore diameter: D, —average pore diameter calculated according to the D, =4V /S, assuming cylindrical pore shape.

BET

Table 5. Mercury porosimetry data for dried and selected reduced-passivated catalyst precursor samples®.

The experimental PSDs data are presented in the form of cumulative pore diameters distri-
bution curves in Figure 6. The data are cumulated from larger pore diameters measured to
the smallest diameter limit set by the pressuring capacity of the instrument. According to the
hysteresis curves (not shown), the main part of mercury remains in the pores after the mea-
surement, indicating the presence of ink bottle-like pores.
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Figure 6. Cumulative and derivative PSDs for the SiG supports and catalyst precursor systems: (a) Ni-Mg/D, Ni-Mg-
Ag/D; (b) SiG, Ni/SiG; (c) Ni-Mg/PF; (d) (Ni-Mg-Ag/D),,.

The derivate distribution function (dV/dlogD) is represented as insert (see Figure 6a-d).
It should be noted that the pressurization data from mercury intrusion yields information
about the size of the opening of pores and/or voids and does not reflect the pore size behind
the "neck". It is apparent that the deposition of Ni*" precipitates onto surface of SiG supports
leading to a shift in the PSD curves towards the larger pore diameters. The explanation for
this effect appears to lie in different microstructural arrangements of supported Ni** spe-
cies in dried samples compared to the starting supports (Figure 6b). Thermal treatment has
led to opening of smaller pores and a slight displacement of PSDs to larger pore diameters
(Table 5, Figure 6d).

Combined nitrogen physisorption and mercury porosimetry studies showed that all catalyst
precursors had good textural properties, namely a high specific surface area and a well-devel-
oped porous structure, containing mesopores stable to thermal treatments. Mesoporosity
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(pore width of 2-50 nm) is preferable for application that involves the liquid phase since it
provides a balance between good diffusion rates of reactants and useful in-pore effects.

IR analysis. The IR method was employed to identify the Ni** species in the precursor samples.
The identification of Ni** species by IR analysis is made by the comparison with reference bulk
compound —basic nickel carbonate (BNC). Figure 7 shows infrared and Fourier transform
infrared spectra of the studied samples. The 2000400 cm™ region has been presented in order
to obtain a better representation.

(©)

Wavenumber (cm™)

(d)

— #=h 1=SiG-A
— 2 =Ni-Mg/D 2 =S8iG-B
3 = Ni-Mg-Ag, /D — 3=8iGC
— 4 =Ni-Mg-Ags g/D — 4 =NiSIG-A
- 5 =Ni/fSiG-B
=— 6 =NiSiG-C
—_ —~ 6
3 3
& ot
@ @
[&] [&]
s [ =
& @
=, E
E £
w w 3
{ = ol
I © 2
o &
= = 1 1384.7 10525
W 0 SiOH
¢ 800.3
1065.3 = 9723 §i0.8 7
9965 g §
e 478 10036 8
SLO-Si 8 oso 2 4685
Si0-Si 050
2000 1600 1200 800 400 2000 1600 1200 800 400
@) Wavenumber (cm™) (b) Wavenumber (cm™)
— 1=PF — 1= (Ni-Mg/D)g,
— 2= Ni-Mg/PF-1 2 = (Ni-Mg-Ag, 55/D)s,
— 3=Ni-Mg/PF-2 " — 3= (Ni‘Mg-Ags go/Dry
4 =NBC
3 3
8 8
8 3
= [ =4
@ IS
E= E=
E E
w 172
= | =
) 5
(= =
1489.2 10458 8318
1627.4 & e
1489.1 - 1045.9 © gl
1386.4 2 SI-0-Si 2 0-5i-0
2000 1600 1200 800 400 2000 1600 1200 800 400

Wavenumber (cm™)

Figure 7. IR spectra of the supports and catalyst precursor samples: (a) D, Ni-Mg/D, Ni-Mg-Ag/D; (b) SiG, Ni/SiG; (c) PF,
Ni-Mg/PF; (d) (Ni-Mg-Ag/D), . Units and shifts along Y-axis are chosen for convenience.

The infrared spectra of the D support and dried Ni-Mg/D catalyst precursors are shown in
Figure 7a. The IR spectrum of the D support having silica as its main constituent ingredient
shows antisymmetric stretching vibration band at around 1090 cm™ and symmetric stretch-
ing vibration band at around 800 cm™ characteristic for the Si-O-Si bonds [75]. The band at
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around 470 cm™ is associated with O-5i-O bond bending vibrations. The absorption band at
around 1630 cm™ can be assigned to the vibration of adsorbed molecular water.

IR spectra of precursors are similar to the spectrum of diatomite in the OH-stretching region
containing vibration bands of silica-free hydroxyl groups, hydrogen-bonded hydroxyl groups
and adsorbed molecular water (not shown in Figure 7a). The main absorption broad band in
the spectrum of diatomite (1090 cm™) in the IR spectra of the precursors appeared to be com-
posed of multiple bands around 1100 cm™. It can be observed the presence of three bands:
IR band characteristic of silica at 1090 cm™ was reduced to a shoulder, IR band characteristic
of silicate-type species connected/interacted with carbonate rich BNC species appeared at
1065 cm™ and shoulder appeared around 1000 cm™ which could be attributed to silicate-type
species connected/interacted with hydroxide rich BNC species [54]. The presence of interca-
lated anionic species in the Ni** precipitates is attested by the existence of bands at around
1630 cm™ and at around 1385 cm™ may be attributed to adsorbed molecular water and car-
bonate ions. By comparing spectra of precursors and diatomite, it can be observed that IR
spectra of precursors contain a band at 650.6 cm™ (Figure 7a) which does not exist in the
IR spectrum of the diatomite support. The appearance of a new phase can be attributed to
nickel hydrosilicates arisen from the interaction between nickel and the diatomite support.
It is apparent that this method of preparation leads to extensive interaction between Ni ions
and silica, presumably because under alkaline conditions the silica have a tendency to dis-
solve. Characterization studies have shown that Ni** precipitates on silica as layered nickel
hydrosilicate [45—49, 53-57, 68, 72, 74]. In support of this claim is the fact that samples are
prepared by a precipitation-deposition method, which leads to the formation of supported
nickel hydrosilicates.

The IR spectra of SiG supports and Ni/SiG precursor samples are shown in Figure 7b. It is
obvious that the IR spectra of these samples resemble those prepared with diatomite sup-
port (Figure 7a and b). This result was expected, having in mind the proportion of the SiO,
component in the chemical composition of diatomite and SiG supports. In addition, a band
at 972 cm™ can be observed in all three types of SiG support. The band at around 970 cm™
has been widely used to characterize the incorporation of metal ions in the silica framework
as the stretching Si-O vibration mode perturbed by the neighboring metal ions. A new band
at 662.8 cm™ attributable to nickel hydrosilicates can also be observed in all Ni/SiG precursor
samples (Figure 7b).

FT-IR spectra of the perlite support and Ni-Mg/PF precursors are presented in Figure 7c.
The spectrum of perlite support in the region from 400 to 2000 cm™ shows the presence of
the main absorption structures, an intense band at about 1045 cm™ with a shoulder at about
1200 cm™. These two bands are attributed to Si-O-Si and Si-O-M anti-symmetric stretching
vibrations, where M can be Al or Si. A further group of three bands of medium intensity
is present at lower wavelengths: 795, 730 and 575 cm™. The band at 795 cm™ is assigned to
symmetric stretching of Si-O-5i, at 730 cm™ to bending Si-O-Al and at 575 cm™ to symmetric
stretching of Si-O-R [76]. Water molecule deformation vibrations at around 1630 cm™ are also
registered. The well-expressed bands at 1387 and 1489 cm™ in the IR spectrum of precursors
are attributed to the presence of an additional carbonate containing phase, most probably
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located on the surface of the support. Comparing bands gained in synthesized precursors
are apparent evidence of the created Ni** species on the support surfaces. On the reference
sample spectra, existence of broad antisymmetric band at 688 cm™ is evident. This band also
exists in spectra of precursors, although slightly shifted towards lower wavenumbers with
minimum at around 658 cm™ (Figure 7c). Shift indicates a new type of interaction with the
support, compared to the reference material and may be attributed to the Ni-O-Si vibrations
[77]. It can also be stated that no evidence of structural change among the dried precursors
can be acknowledged.

The IR spectra of precursors after the reduction treatment are presented in Figure 7d.
The thermal treatment produced the elimination of adsorbed molecular water and carbon
dioxide. The absence of silanol groups, as attested by disappearance of the anti-symmet-
ric band at 980 cm™ is clearly evident. Besides, a low intense band at 668 cm™ indicates
the presence of nonreduced silicate species in smaller amounts than in the dried samples
(Figure 7a and d).

From the above results and with the available information in the literature, it could be con-
cluded that during the deposition reaction under alkaline conditions, the silica as a constitu-
tive component of all studied supports reacts with the basic nickel carbonate precipitate and
generates the new supported nickel hydrosilicate phase containing Si-O-Ni linkages.

Powder X-ray diffraction (XRD). Powder XRD analyses were performed on the dried and
reduced-passivated catalyst precursors to identify the phases present in the precursor sam-
ples at various stages of synthesis. Figure 8 shows the XRD diffractograms obtained for dried
and reduced-passivated precursor samples.

The diffractogram of the diatomite support (Figure 8a, curve 1) shows reflections characteris-
tic of amorphous silica (silica halo peak centered at two-theta around 21°) and the well-crys-
tallized quartz (Q) phase (two-theta = 26.6°; JCPDS 46-1045). Typical diffractograms of dried
precursor samples exhibited only broad and asymmetrical bands attributable to ill-defined
and badly crystallized nickel hydrosilicates (Figure 8a, curves 2-6). Besides, the XRD patterns
of bulk BNC disappear in the patterns of precursors. The observed phenomenon proves that an
interaction occurs between BNC and silica from the support. The formation of surface lamel-
lar hydrosilicates in the preparation of silica supported nickel catalysts was postulated on the
basis of several techniques of characterization (IR, TPR, XPS and Extended X-ray Absorption
Fine Structure-EXAFS). X-ray diffraction was also employed to corroborate the presence of
nickel hydrosilicate. The XRD studies showed that the nickel hydrosilicates are formed under
various conditions at relatively low temperatures (under 100°C) [48, 71, 78-81]. As it is well
known, when the nickel salt is precipitated with Na,CQO, in the presence of silica, the precipi-
tated Ni** phase is silica supported-BNC with composition of Ni(OH)X(CO3)y/SiOZ><zHZO that
varies considerably with the changes in the precipitation conditions [41]. This interaction leads
to the formation of badly ill-crystallized layered nickel hydrosilicate compounds, identified as
nepouite-like (1:1 nickel hydrosilicate; Ni,(OH),(5i,0,)) and/or talc-like structure (2:1 nickel
hydrosilicate; Ni,(OH),(5i,0,),). The formed phases have been identified as nickel antigorite
[48, 71, 78, 81], nickel chrysotiles [82], nickel montomorillonite [48, 71], nickel palygorskite
[54], serpentine [83], or orthosilicate-type [54].
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Figure 8. XRD diffractograms of supports, dried and reduced-passivated precursor samples: (a) D, Ni-Mg/D; (b) Ni-Mg-
Ag/D; () Ni/SiG, (Ni/SiG), ; (d) (Ni-Mg/D), , (Ni-Mg-Ag/D), .

Samples modified with silver (Ni-Mg-Ag/D, Figure 8b) have slightly altered XRD spectra.
In addition to XRD peaks characteristic to the nickel hydrosilicates, two new peaks can be
observed at 32.2 and 39.4° attributable to the a-Ag CO, phase (JCPDS file 31-1237). Moreover,
it is observed that the modification with silver contributes to the further amorphization of the
dried precursor samples [84].

The XRD patterns of the dried and reduced-passivated silica gel supported Ni catalyst precur-
sors and reference material-BNC are presented in Figure 8c. The XRD patterns of three types
of silica gel supports had characteristic reflections of amorphous silica (not shown). The insert
in Figure 8c represents a comparison between the XRD patterns of the dried precursors of the
Ni/SiG system and the reference BNC material. The absence of the diffraction line at 16.3° of
the reference material-BNC sample and appearance of a new broad reflection at around 23° in
the spectra of this catalyst precursor system represented a substantial difference between the
bulk reference material and the supported Ni** phase, present in the samples of this catalyst
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precursor system. The turbostratic structure of nickel hydrosilicate [48, 54] predetermined the
ill-organized reflections of the Ni/SiG system of the precursor. Moreover, the nickel hydro-
silicate phase exhibits different degrees of crystallization, more pronounced in the Ni/SIG-B
sample. It is obvious that the usage of different silica gel types affects the crystallinity of the
deposited Ni containing phase. Note that, the registered high background below two-theta
values of 15° in XRD diffractograms of all samples indicates advanced amorphization of the
observed phase.

The XRD patterns of the reduced precursor samples at 430°C (Figure 8c) display reflections
located at two-theta, typical for nickel metal (Ni°) (JCPDS file 00-004-0850). The peaks of lower
intensity between two-theta from 32 to 40° indicate the presence of nickel hydrosilicate in all
reduced samples, but it is better represented in the sample Ni/SiG-B.

In the case of the reduced catalyst precursors of (Ni-Mg/D), and (Ni-Mg-Ag/D), , systems,
typical XRD spectra showed common peaks corresponding to nickel metal (Ni’) and silver
metal (Ag’) (Figure 8d). The layered structure of the nickel hydrosilicate phase was also reg-
istered. The experimental conditions for the reduction step was selected in order to establish
the relation between the reduction time and the reduction temperature (selected temperature
of 430°C) was assumed to be very important. Despite the obvious reduction in intensity of
peaks caused by prolonged dwell time (5h) in the selected temperature, reflections corre-
sponding to nickel hydrosilicates are still visible. This shows that the reduction temperature
of 430°C used for reduction of the dried precursor with H, was not sufficient to reduce all
the nickel hydrosilicate species to the nickel metal (Ni°) and silica for these two systems of
catalyst precursors.

The results concerning the influence of the preparation stage and nature of the support and
the modifier clearly illustrate the feature of the supported Ni** phase and demonstrate that
XRD measurements may offer an effective tool to identify the nickel species and their interac-
tion with the support in differently supported and modified nickel-based catalyst precursors.

Hydrogen temperature programmed reduction (H,-TPR). The objective of H,-TPR experiments
was to determine the reducibility as well as the optimum reduction temperature for prepared
catalyst precursor systems. In conjunction with IR and XRD data, TPR profiles were also
useful in determining the type of Ni** phases present in the catalyst precursors and may be
indicative of the actual activity of the final reduced metal catalyst. The H -TPR profiles of all
prepared catalyst precursors are given in Figure 9.

The influence of the nature of precursor salts of nickel on the reducibility of prepared samples
is reported in Figure 9a. These results demonstrate rather well the differences between the Ni**
species formed in the case of diatomite supported nickel-based catalyst precursors. A peak
due to the reduction of the Ni** phase, which corresponds to the BNC (Figure 9b—d —insert)
was seen only in the sample prepared from the sulfamate salt of nickel (Ni-Mg/D). Among the
prepared catalyst precursors, the smallest proportion of the Ni* phase from BNC can be seen
in the Ni,-Mg/D sample. The high reduction temperature needed for the samples prepared
from the acetate nickel precursor salt is obtained by the presence of difficult to reduce nickel
hydrosilicates, which is the form in which nickel precipitates are deposited during synthesis.
Consequently, layered nickel hydrosilicates whose thermal decomposition starts above 450°C
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[47] appear to be the main nickel species present in this sample. The stronger interaction of
nickel and diatomite support hinders reduction of samples. This leads to a shift in the T__
value of peaks corresponding to the reduction of Ni** phases interacting with the support from
320°C over Ni-Mg/D to 462°C over Ni,-Mg/D. The reduction extent (R, %) of the Ni* sup-
ported phase at 430°C (Figure 9a) increases with the following sequence: Ni,-Mg/D (24.8%) <
Ni,-Mg/D (26.4%) < Ni-Mg/D (43.1%) < Ni_-Mg/D (54.5%) < Ni-Mg/D (75.8%).
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Figure 9. TPR profiles normalized to the sample weight and fitted with Gaussian deconvolution peaks for all prepared
catalyst precursor systems: (a) Ni-Mg/D; (b) Ni/SiG; (c) Ni-Mg/PF; (d) Ni-Mg-Ag/D.

The reduction properties of Ni containing SiG-A, SiG-B and SiG-C catalyst precursors are
shown in Figure 9b. The interpretation of the TPR profiles of the precursor samples is accom-
plished by comparing them with the profile of the reference BNC sample. The comparison is
supposed to clarify the support role in the studied solids. Indeed, the experiments revealed
a quite different reduction behavior of the formed Ni* species. The higher reducibility of the
unsupported BNC is attested by the single low temperature peak in the region 220-310°C
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which is assumed to represent the full reduction of bulk Ni** ions to the nickel metal. In con-
trast, multiple reduction peaks with poorly resolved maxima characterize the TPR profiles of
the precursors indicating a complex interaction between the Ni* species and SiG supports.
Two most distinguishable peaks at 320 and 428°C can be observed in the Ni/SiG-A sample,
alongside a shoulder at 540°C. The reduction peak at 320°C can be attributed to the reduction
of BNC species on Ni/SiG-A. All the reduction temperatures above this temperature can be
directly associated with the different type of interaction between the nickel species and the
supported material. The existence of a broader peak at 428°C and the shoulder at 540°C is
caused by the strong interaction between the Ni** supported phase and the SiG-A framework
which points to the existence of hydrosilicate species. The TPR profile of the Ni/SiG-C sample
resembles that of the Ni/SiG-A sample with a clearly observed difference in the contribution
from low temperature (BNC) and high temperature Ni** hydrosilicate species. Finally, the
absence peak at 320°C and no reduction at all up to 350°C in Ni/SiG-B sample shows that BNC
species does not exist, while three peaks at around 462, 525 and 624°C can be attributed to Ni**
hydrosilicate species [85]. It may be summarized that the TPR profiles of the Ni/SiG system
evidenced a variety of interaction strength depending on the type of the SiG support resulting
in the formation of varying amounts of different Ni** species.

Reducibility of the Ni-Mg/PF precursors studied by TPR is shown in Figure 9c. Clearly, the
profiles show almost the same tendency, since both precursors have almost the same T and
slightly anti-symmetric profile toward higher temperature. The low temperature reduction at
313 and/or 314°C for Ni-Mg/PF-2 and Ni-Mg/PF-1, respectively implies the presence of bulk
Ni** easily reduced species and the weak interaction between nickel and perlite support. By
comparing TPR profiles of precursors with reference material (Figure 9c—insert) the shifting
of the T of about 40°C towards higher temperatures is apparent. A reasonable postulation
for a lower temperature reduction of the Ni-Mg/PF system is that it contains the majority
of Ni** species nucleated as BNC and anchored to the oxygen containing groups of the per-
lite support after deposition. Clearly, reduction of BNC proceeds easily. Based on the entire
temperature range, it can be stated that all Ni** species in this system are reducible under
430°C since no temperature profiles above this temperature have been observed. A complete
reduction of the Ni** species does not necessarily mean that the catalyst will be active, due to
the possibility of nickel crystallite growth through aggregation which therefore decreases the
number of active sites on the support, resulting in overall decrease of catalyst activity.

The influence of the silver modifier on the reducibility of Ni-Mg-Ag/D catalyst precursors
is displayed in Figure 9d. TPR measurements clearly showed the differences in reducibility
of Ni-Mg-Ag/D samples. The TPR profile of the sample Ni-Mg-Ag, /D displays five peaks.
It is obvious that there are two different areas where hydrogen is consumed. The first is the
low temperature region (LTR) between 210 and 440°C (TPR peaks maxima at 318 and 398°C)
and the second is high temperature region (HTR) from 440 to 700°C (TPR peaks maxima
at 485, 535 and 591°C). In the LTR area, the reduction of easily reducible silver (Ag") and
nickel (Ni**) phases occurs. The higher TPR peak at LTR is in agreement with XRD, which
also revealed the presence of more bulk-like silver upon increasing Ag loading (Figure 8d).
Hydrogen consumption at HTR is normally attributed to hardly reducible Ni** phases—
nickel hydrosilicates. When the Ag loading is decreased, the reduction profiles become less
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resolved (Ni-Mg-Ag, . /D and Ni-Mg-Ag, /D) suggesting that the reduction occurs in a single
unresolved step. Obviously, increasing Ag loading in the precursors shifts the onset tempera-
tures of the initial reduction to lower temperatures (Figure 9d). In addition, the reduction was
completed at lower temperatures with the precursors of higher Ag loading.

Although the nickel particles of samples do not easily sinter because of the strong interaction
with support [49, 72, 73], XRD and H,-chemisorption result (discussed later in the paper) have
shown that the silver loading has an impact on the reduction ability of modified catalyst pre-
cursors. The increase in the silver content leads to larger nickel particles in the Ag modified
catalyst precursors, Ni-Mg-Ag/D, which displayed easier nickel reduction. In the literature,
it is widely accepted as influence of reduction ability of supported metal catalysts on the
particle size of the active metal: the lower the reduction ability, the smaller the nickel metal
particles [56, 86]. Such a conclusion could be an explanation for better reduction ability of the
catalyst precursors with higher Ag loadings.

TPR is a favorable technique for studying the impact of co-metal modifier and support effects
on the ability of the reduction of supported metal catalysts [87]. The effect of adding sil-
ver on the ability of transition metals reduction is not sufficiently studied in the literature.
Richardson and co-workers [88] showed the positive role of silver oxide to promote a better
understanding of nickel oxide reduction. A higher degree of nickel oxide reduction in the
presence of silver was interpreted by easier nucleation of the nickel clusters, which is rate
determining for the reduction, according to Coenen [89]. In bimetallic silver-based catalysts,
the higher the Ag loading, the deeper the reduction occurs. In the system with nickel, reduced
silver forms metal particles that act as foreign nuclei for subsequent growth and reduction
of nickel crystallites. The more silver cations (Ag") were introduced in the catalyst, the more
silver nuclei formed for Ni crystallites growth and more nickel was reduced.

The TPR results demonstrate rather well the differences between Ni compound formed in the
case of diatomite, silica gel and perlite. In the case of the Ni-Mg/PF system, the sharp peak
at about 310°C has been identified as being due to the reduction of bulk Ni* species. The
Ni-Mg/D and Ni/SiG systems are difficult to reduce and are comparable in reduction charac-
teristics to Ni hydrosilicates. Significantly however for the Ni-Mg-Ag/D system, reduction is
much more facile due to easier nucleation of the nickel crystallites in the presence of silver. In
addition, it has been shown that the nature of the nickel precursor salt has a profound effect
on the reducibility of Ni-Mg/D catalyst precursors.

Hydrogen chemisorption (H,-chemisorption). Conventional supported metal catalysts are prepared
by in situ reduction of a metal salt. The metallic surface is formed by particles of ultimate size
and the rates of structure-dependent reactions depend on the size of these particles. Therefore,
the catalytic activity of metal particles formed is strongly related to their size and shape.
Previous work of our group showed that supported nickel nanoparticles can be obtained in the
Ni/Diatomite and Ni/Water glass catalyst systems synthesized by the DP method [90]. They
were found as active catalysts in partial hydrogenation of soybean oil. As to the silica support,
it is known not to give rise of nickel precipitates in different oxidation states and allows a better
approach of the particle size effect in the behavior of supported nickel catalysts [91].
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The chemisorption of a gas on a catalyst surface, such as hydrogen chemisorption, is com-
monly used as a suitable method for the determination of the size of active metal surface area
in supported metal catalytic systems [92]. The active metal surface may be measured under
suitable conditions taking into account the peculiarity of the system being tested. Hydrogen
chemisorption method consists of the use of a hydrogen molecule, which chemisorbs selec-
tively on the metal and not on the support. Assuming a given stoichiometry for this surface
reaction, it is possible to obtain an estimate of the metal surface area and of the average metal
particle size. Thus, in the H -chemisorption studies, the measured value of the active metal
surface is dependent on the stoichiometry of the hydrogen adsorption, which in turn depends
on the metal-support interaction, modifiers and preparation method [93]. The estimation of
the metal crystallite size from hydrogen uptake requires the assumptions to be made regard-
ing metal crystallite morphology. However, it should be noted that the results of chemisorp-
tion for supported Ni catalysts in the literature are not always in agreement, mainly for two
reasons: the first is that adsorption of H, on supported nickel catalysts involves simultaneous
physical adsorption, chemisorption, reduction of Ni compound, activated adsorption and
hydrogen spillover; the second is the existence of several forms of chemisorbed hydrogen
bonded to surface, subsurface, edge and vertex Ni atoms.

Hydrogen chemisorption results for nickel dispersion, nickel surface area and nickel crystal-
lite size are summarized in Table 6.

Although some discussion concerning the adequacy of this procedure can be found in the lit-
erature [55, 71, 92-95], the values thus obtained are useful from a comparative point of view.
Table 6 shows that a broad range of crystallite sizes is obtained as a consequence of the nickel
salt precursors and modifiers used, metal loading and support type in each case. By using
both static and dynamic methods under selected conditions of TPR and H, -chemisorption
experiments, the overall dispersion degree does not exceed 13% and crystallite size is lower
than 23 nm (excepting the sample Ni/SiG-A). It is known that for the nickel loadings higher
than 30 wt% Ni, an important decrease in dispersion is observed [55]. This fact is due to
that higher nickel loadings favor agglomeration of particles. Moreover, this agglomeration
process is also favored by the weak interaction between the metal and the surface of the sup-
port. Hydrogen chemisorption results showed that the particle sizes of nickel metal (Ni’) in
the samples from the different precursors salts may be correlated with their reducibility (see
Table 6 and Figure 9a) and textural properties (Table 4).

The addition of Ag (hydrogen does not chemisorb onto silver) to the Ni-Mg/D system decreased
its chemisorption capacity. The cause of decreased hydrogen adsorption can be a result of block-
ing of the nickel active site by silver atoms, electronic interactions between Ni and Ag atoms
that affect the hydrogen binding to the surface Ni and changes in the stoichiometry of hydrogen
adsorption on Ni surfaces due to structure sensitivity [94]. The estimates of the crystallite size
from hydrogen chemisorption are also compared with the values determined from X-ray diffrac-
tion methods line broadening (Table 6). The mean size of nickel particle deduced by the static
H.-chemisorption method was confirmed by the XRD method. The fact that the ratio of these two
values is close to unity may be taken as added support for the assumed geometric model. The
hydrogen chemisorption results for the samples of the Ni-SiG system are in agreement with their
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NP measurements (Tables 1 and 4). The lowest dispersion of Ni/SiG-A samples is most likely
caused by steric hindrances (microporous SiG-A support). In such a case, metal distribution on
the external surface of the support is to be preferred, with consequent lower dispersion (the nickel
content being almost the same in each sample (Ni/SiG-A, Ni/SiG-B and/or Ni/SiG-C, Table 6).

Sample code Ni Nickel metal properties (Ni°)
Wt%) g o S du s Ni, x 1028 D"
(umol g, ™) (m* g™ (nm) (aty; . 8 ") (%)
Ni-Mg/D' 36.3 744 58.2 7.7 (7.1°) 9.0 8.7
Ni-Mg-Ag, /D' 359 709 55.5 8.1(8.3°) 8.5 8.3
Ni-Mg-Ag, /D' 352 538 4.1 10.7 (11.79) 6.5 6.3
Ni-Mg-Ag, /D' 335 513 40.2 112 (13.69) 6.2 6.0
Ni/SiG-A' 43.7 123 9.6 46.7 1.5 1.4
Ni/SiG-B! 45.5 571 448 10.0 6.9 6.7
Ni/SiG-C 43.5 1073 84.0 53 12.9 12.6
Ni-Mg/PF-1! 30.2 576 45.1 9.9 (14.99 6.9 6.8
Ni,-Mg/Dj 36.6 259 20.3 22.2 3.1 3.0
Ni_-Mg/Di 36.2 437 34.2 13.1 53 5.1
Ni -Mg/Di 36.6 244 19.1 23.6 29 29
Ni-Mg/Di 35.0 462 36.2 124 5.6 5.4

“Each entry represents a different run.
"Hydrogen chemisorbed.

Ni metal surface area; S, was calculated assuming Ni_ /H_, =1and mean surface area of Ni atom equal to 6.5 x 102" m>.

sur

dMean Ni particle or crystallite size: d; , —H,-chemisorption method (surface mean value).

¢Mean Ni particle or crystallite size: d; ,,,— XRD line broadening method (volume mean value); Ni crystallite geometric
model: hemispherical crystallites attached to support with their equatorial plane.

fComputed assuming spherical model.

sNumber of accessible Ni atoms-exposed fraction.
hDispersion.

!Chemisorption method: static.

IChemisorption method: dynamic.

Table 6. Chemisorption experiments on the selected samples of Ni-Mg-Ag/D, Ni/SiG and Ni-Mg/PF systems=.

Comparison was made between Ni-Mg/PF-1 and Ni-Mg/D samples. A smaller metal surface
area and a larger Ni crystallite size can be observed in Ni-Mg/PF-1 and attributed to the rapid
aggregation of nickel crystallites formed in the reduction stage. It is likely that the reason
for this behavior is the weak interaction between the PF support and the Ni surface. For this
sample, a crystallite size of nickel calculated assuming a spherical model which is suitable
for the supported catalysts with weak metal-support interaction represents a more realistic
result (Table 6). On the contrary, a larger nickel metal surface area and a smaller nickel par-
ticle size is observed on the Ni-Mg/D sample due to the strong anchoring effect of D support.
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This anchoring restricts the migration of nickel particles hence prevents the formation of large
nickel particles that did not sinter on the mild reduction at 430°C.

The hydrogen chemisorption study showed that the size of nickel nanoparticles obtained in
the studied catalyst precursor systems depended on the nature of precursor nickel salt from
which they are formed, the kind and loading of metal modifier and the type of support used.

X-ray photoelectron spectroscopy (XPS). In the previous part of this work, it was pointed out that
two major factors that affect the reduction of Ni** supported phase are: (i) interaction between
precipitating nickel precursors and the catalyst support and (ii) the dispersion nickel metal
phase (Ni") arising by reduction of the deposited Ni** phase. These factors are in turn affected
by various examined parameters including the nature of the support, the use of modifier and
the choice of nickel precursor salt. Useful confirmatory evidence concerning the interaction
between the Ni** supported phase and support including the structural changes occurring
during preparation, drying and reduction and the dispersion of nickel metal phase can be
obtained by photoelectron spectroscopy. XPS is virtually surface sensitive (a few atomic lay-
ers) and a quantitative instrumental method particularly suitable for the evaluation of surface
character of supported nickel catalysts [96].

The XPS results discussed in this work will be restricted to the cases of Ni/SiG, Ni-Mg/D and
Ni-Mg-Ag/D systems. The XPS spectra of the Ni 2p and Ag 3d peaks for the systems under
investigation are shown in Figure 10.

On investigating the influence of the support characteristics on the strength of the interac-
tion between Ni containing species and the support, we chose the Ni/SiG precursor system
keeping in mind that the interaction between the Ni** species and the support is commonly
accepted depending on the characteristics of the support. By choosing such a system con-
taining the samples prepared without addition of the modifier with almost the same Ni
loadings (Table 3), we hoped to increase the value of any comparison one may make. The
2p peaks in the nickel spectrum were used to characterize the chemical state of nickel. The
intensity of the Ni 2p signal was obtained by integration over the binding energy (BE)
range of 850-890 eV to include the double excitation, shake-up and shake-off peaks. It is
known that the chemical forms of nickel have certain characteristics, which serve to iden-
tify their presence [97]. The shape of the peaks also contains information. The separation
and intensity of the shake-up satellite of the Ni 2p, , core level can be helpful in identifying
a particular species.

As expected for dried samples, nickel in these precursors is present in the Ni*" oxidation
state—Ni 2p, , peak is a doublet structure (splitting a few electronvolts). The nickel 2p core
level, as seen in Figure 10a, is similar in shape for all samples, however, the binding ener-
gies of the Ni 2p level vary from each other. Since XPS is surface sensitive, the differences
in binding energies of the XPS peaks indicate that the nickel species on the surface are
changed. The XPS data in Table 7 show that the binding energies of the Ni 2p, , level for the
Ni/SiG-A sample and for the reference material (BNC) are the same. It means that the aggre-
gates of BNC are situated on the surface of nickel hydrosilicates located on the precursor
SiG-A [72, 98]. The chemical shift of the Ni 2p, , peak toward higher binding energy values
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for the Ni/SiG-B sample is assigned to the stronger interaction between the Ni** species and
the SiG-B support. On the contrary, the observed shift toward lower binding energies for
the Ni-SiG-C sample suggests weakening interaction between the Ni** supported phase
and the SiG-C support [68]. Table 7 reveals the variations of the Ni/Si ratio suggesting the
different dispersion of the Ni** species in analyzed samples, as previously shown in the H,-
chemisorption results of the corresponding precursor samples (see Table 6).
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Figure 10. Ni 2p,, XPS spectra of supported nickel catalyst precursors: (a) dried Ni/SiG; (b) dried Ni-Mg/D, Ni-Mg-

Ag/D; (c) reduced passivated (Ni-Mg/D), - (Ni-Mg-Ag/D)RP; (d) reduced passivated (Ni—Mg/D)RP, (Ni—Mg—Ag/D)Rp
(deconvoluted).

The XPS spectra for diatomite supported nickel-based catalyst precursors are presented in
Figure 10b—d. The Ni 2p core level signal of dried Ni-Mg/D and Ni-Mg-Ag/D precursor
samples consist of a single Ni 2p,, peak centered at around 855 eV (Ni-Mg/D and Ni-Mg-
Ag, /D) assigned to Ni** (Figure 10b). The existence of a second component at a higher
BE (860.9-863.5) could be due to the presence of hardly reducible Ni* species, as previ-
ously noted in the discussion of the corresponding TPR curves. Ag 3d XPS spectra for dried
Ni-Mg-Ag/D catalyst precursors are depicted in Figure 10b —insert. There are two peaks, a
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result of spin-orbit splitting, designated Ag 3d,, and Ag 3d, ,, respectively, corresponding to
the strongest photoelectron lines. These peaks are observed at 367.3 eV and 373.1 eV, respec-
tively, shifted to lower BE values in relation to metallic Ag and could be assigned to the
Ag" oxidation state [99]. Silver modification provokes a shifting of the Ni 2p, , peak toward
higher BE values. The observed shift could be due to the interaction between the compo-
nents in the dried samples, which is more intense for the sample with the lowest Ag loading.

Sample code Binding energy Surface concentration Surface atomic ratio
(eV) (at%)
Ni (6] Si Ni/Si
Ni/SiG-A 855.7 21.1 64.6 13.9 1.5
Ni/SiG-B 856.2 14.2 67.4 17.9 0.8
Ni/SiG-C 854.8 15.0 70.6 14.3 1.1
BNC 855.7 27.7 723 - -

Table 7. X-ray photoelectron spectroscopy data for Ni-SiG catalyst precursors—dried samples.

After H, reduction, a shoulder appears on the low binding energy side of the Ni 2p, , peak
(Figure 10d). The shoulder can be deconvoluted and the binding energy is that of the nickel
metal (851.9 eV). The other peaks observed on the reduced-passivated samples at higher BE
values assigned to Ni** also appear. The presence of Ni** species after H, reduction has also
been confirmed by IR and XRD (Figures 7d and 8d). It is worth mentioning that the increase
of Ag 3d,, binding energy after reduction treatment with the respect to the dried precursors
(Figure 10c and b—insert). Although it is known that silver oxides are quite unstable and the
two silver oxides, Ag,O and AgO, decompose below the temperature of 230°C, even in the
oxygen atmosphere [100, 101] the results of the Ag 3d and O 1s (not shown here) XPS spectra
seem to suggest the presence of silver (I) oxide on the surface of reduced-passivated samples.

The XPS study of Ni/SiG, Ni-Mg/D and Ni-Mg-Ag/D precursor samples confirm the forma-
tion of surface species with different strength of interaction and different dispersion of the
supported nickel species.

3.2. Partial hydrogenation of soybean oil (SBO)
3.2.1. Activity of Ni-Mg/D and Ni-Mg-Ag catalysts in partial hydrogenation of SBO

Hydrogenation overall activity was monitored by the decay of the iodine value which indi-
cates the level of unsaturation of double bonds (C=C). Activity (A) was calculated from the
following equation:

_ 2c
A - oil © Nilcc (1)
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where H,_is the hydrogen consumption for decay in iodine value; ¢ is the reaction time; m
is mass of oil; and Ni__ is the nickel loading in the catalyst charge for hydrogenation run (in
grams).

The results of SBO hydrogenation over Ni-Mg/D and Ni-Mg-Ag/D catalysts in the slurry
pilot-plant reactor system (Figure 4) are presented in Table 8.

Sample code Activity results?
Ni ° v, t H,¢ L A
(g) (min)  (mol) (umol H, min™ g ) (umol H, min™ g . g .
Ni-Mg/D 0.9972 89.3 75 8.018 21.3 214
Ni-Mg-Ag, /D 0.8985 90.6 81 7.762 19.2 21.3
Ni-Mg-Ag,./D 08790 900 155  7.8%0 102 116
Ni-Mg-Ag, /D 0.8377 90.0 255 7.880 6.2 7.4

*Process parameters: 160°C (temperature); 0.16 MPa (H, pressure); 750 rpm (stirring rate).

"Ni loading in catalyst charge for hydrogenation run (catalyst concentration: 0.05 wt%, i.e., 2.5 g catalyst/5000 g oil).
Todine value determined by Wijs method.

YHydrogen consumption for decrease of iodine value by ca 40—41 units.

“Rate of hydrogen consumption per unit mass of oil.

Table 8. Soybean oil hydrogenation over Ni-Mg/D and Ni-Mg-Ag/D catalysts in slurry pilot plant reactor system—
catalytic activity test runs results.

The obtained results showed clearly the influence of the silver addition on the catalyst activ-
ity. Under the same process conditions, Ni-Mg/D and silver modified catalysts exhibited
different activities toward SBO hydrogenation (see Table 8). By comparing the results of cata-
lytic test runs over Ni-Mg/D and Ni-Mg-Ag . /D catalysts, it can be observed that the activity
of the sample without silver is slightly higher. The modification by silver inhibits hydrogena-
tion activity, this effect being more obvious as the Ag loading is higher. From these results,
the hydrogenation activity for the studied catalyst (Table 8) increases in the following order:
Ni-Mg-Ag, ../D <Ni-Mg-Ag, ../D <Ni-Mg-Ag, /D <Ni-Mg/D.

The observed differences in the activity of the studied catalysts could be attributed to nickel
dispersion and different textural properties of the catalysts. From the chemisorption results,
the silver-modified Ni catalyst sample with high loading (Ni-Mg-Ag, /D) demonstrated 6.0%
nickel dispersion and an average nickel crystallite size of = 11 nm. A higher nickel dispersion
and a smaller nickel crystallite size were obtained for the Ni-Mg/D catalyst sample (Table 6).
Besides, among the studied catalysts Ni-Mg catalyst sample had the highest S, surface area
(Table 4). This indicates that the role of catalyst texture and dispersion of the active phase is
critical in assessing the catalytic efficiency. In considering an explanation for the diminished
hydrogenation activity of silver modified nickel catalyst it can be also assumed a physical
blocking of nickel active sites or even changes in the morphology of nickel metal particles by
the silver modifier. It is difficult to discriminate between these different possibilities. Apart
from the effect of co-metal blocking of the surface nickel atoms, it should also be noted that an
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electronic effect has been taken into account [94]. It must be noted that the electronic proper.
ties of very small particles—nanoparticles should be different from those of large particles at
least for two reasons. The first relates to the differences in the fraction of the total atoms that
are present on the surface. The second is the incomplete coordination of the surface atoms
from those in the bulk. Based on the assumption that catalytic activity of a metal is related to
its electronic properties, it seems reasonable that the activity would vary with the crystallite
size. However, a clearer understanding of the factors responsible for the crystallite size effects
will require more information on the properties of nanoparticles.

3.2.2. Cis/trans isomerization

The factors influencing the cis/trans composition are catalyst activity and loading, as well as
process conditions that include the hydrogen pressure, temperature and stirring rate. These
parameters determine the hydrogen concentration on the catalyst surface, which is crucial not
only for hydrogenation of double bonds but for cis/trans isomerization as well.

The hydrogenation of SBO is a complex network of chemical reactions involving consecutive
saturation of C18:3c to C18:2¢, C18:2c to C18:1c and subsequent saturation of C18:1c to C18:0
as well as parallel reversible isomerization of C18:2c to C18:2t and C18:1c to C18:1t. The over-
all hydrogenation reaction scheme may also involve a simple step hydrogenation of C18:1¢ to
C18:0 and C18:2¢t to C18:1t.

The fatty acid compositions of hydrogenated SBO at conversion of 30.8 + 0.5% are shown in
Table 9. The experimental data of the fatty acid compositions in hydrogenated SBO summa-
rized in Table 9 showed that in all the cases, there was an increase in the concentration of
stearic acid (C18:0). On the contrary, a decrease in linoleic acid (C18:2c) was also observed in all
the cases. It should be noted that linolenic acid (C18:3¢) conversion after 30 min of reaction was
100% when the hydrogenation was performed over any of the studied catalysts. Taking into
account a known fact that silver modified catalysts show high saturation selectivity toward
linoleic acid (C18:2¢) [102], disappearance of linolenic acid in the early stage of the hydroge-
nation was an expected result. As the present work is focused on the control of the TFAs, the
geometric isomers are presented in Table 9 without taking into account the position of double
bond in the fatty acid chain, only distinguishing between cis fatty acids (CFAs) and TFAs.

From these results, it is evident that the Ni-Mg-Ag, /D catalyst formed the least TFAs of all
catalysts (23%) at the same conversion level. On the contrary, the Ni-Mg/D catalyst was dem-
onstrated to have the highest content of TFAs (62.1%), which could be associated with its activ-
ity manifested in SBO hydrogenation and a higher total surface area compared to the catalyst
with a silver modifier. It is well known that a large surface area encourages the isomerization
reactions, due to the greater accessibility to the nickel active sites [103]. A small increase of stea-
ric acid in the order: Ni-Mg-Ag, ../D <Ni-Mg-Ag, . /D < Ni-Mg-Ag, /D <Ni-Mg/D could be
explained by the differences observed in their textural properties (Tables 4 and 5). According
to Balakos and Hernandez [13], small pores favor fatty acid saturation, since the successive
hydrogenation is made easier by the mobility difficulties of the bulky molecule. The catalytic
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test results clearly show that adding silver to the Ni-Mg/D system have a considerable effect
on the distribution of CFAs and TFAs in hydrogenated oil. A higher ratio of unsaturated cis
fatty acids to trans fatty acids over the Ni-Mg-Ag, ../D catalyst can be attributed to the smaller
formation of TFAs, suggesting a more selective hydrogenation reaction. The modification with
silver is beneficial in limiting the C18:1 cis/trans isomerization during the SBO hydrogenation.
On the other hand, the addition of silver did not have significant effect on the formation and
distribution of C18:2t isomers (C18:2¢,t + C18:2t,c + C18:2t,t), indicating that the main reason
for the difference in the specific isomerization selectivity (S,) was favored isomerization of
elaidic fatty acid (C18;1t) over the Ni-Mg/D catalyst sample. Concerning the isomerization
selectivity (S), the addition of silver provoked the reduction of TFAs (R, ) in the range of
4-57% during SBO hydrogenation with respect to the Ni-Mg/D catalyst (see Table 9).

Fatty acid Catalyst sample

Ni-Mg/D Ni-Mg-Ag, . /D Ni-Mg-Ag, /D Ni-Mg-Ag, .. D
C18:0 8.6 8.1 6.2 5.8
C18:1c 15.9 18.7 22,5 22.7
C18:1t¢ 53.1 49.1 16.5 10.8
C18:2cc 0.9 1.2 22.7 31.7
C18:2# 1.7 14 2.5 2.0
C18:2ct 29 3.9 7.6 6.9
C18:2tc 3.5 42 8.3 6.6
C18:2t 8.1 9.5 18.4 15.5
C18:3c none none none none
Others* 13.3 13.6 13.7 13.5
CFAs/TFAs 0.3 0.3 1.3 2.1
Sfd] 1.5 1.5 0.9 0.6
S14 1.1 1.1 31 1.8
R,.. (%) - 42 43.0 57.0

.Conversion (%) = [(IV-IV¢)/IV,] x 100 = 30.8 + 0.5.

wSum of ct, tc and # fatty acid isomers.
Sum of C14:0, C16:0, C16:1, C20:0, C20:1 and C22:0 fatty acids.

+Selectivity basically means that the reaction is guided toward a particular unsaturated bond in preference to others; '5i—
specific isomerization selectivity, defined as quotient of TFAs (%) in hydrogenated oil product and change in iodine value
between the starting oil and hydrogenated product; ©S1—selectivity 1, defined as the amount of monounsaturated fatty
acids (C18:1) formed with respect to the amount of diunsaturated (C18:2) converted: 51 = (C18:1-C18:1 )/(C18:2  -C18:2).

R, —reductionTFAs, definedas: R, ={1-[A(C18:1t+C18:2t)_ ,/A(C18:1t+C18:21) %100, A(C18:1++C18:2t)

e “trans
> A(C18:1++C18:2¢) C18:2t—sum of ct, tc and t fatty acid isomers.

catalysll] } catalyst1

catalyst2/

Table 9. Soybean oil hydrogenation over Ni-Mg/D and Ni-Mg-Ag/D catalysts in slurry pilot plant reactor system —fatty
acids composition® and selectivities® 42,



Supported Nickel-Based Catalysts for Partial Hydrogenation of Edible Oils
http://dx.doi.org/10.5772/66967

In general, the overall hydrogenation selectivity decreased while the isomerization
increased with conversion. The mechanisms of the hydrogenation and cis/trans isomeriza-
tion are strongly interrelated. An addition-elimination mechanism according to Horiuti-
Polanyi is often assumed to describe the formation TFAs in the hydrogenation processes
[58]. The original concept of Horiuti-Polanyi mechanism provides that hydrogenation and
isomerization should both be described by a half-hydrogenated state mechanism. Since
hydrogenation is accompanied by isomerization, it can be proposed that the electron
donor characteristics of the silver modified nickel catalyst would also affect this reaction.
If the chemisorbed half-hydrogenated intermediate is removed quickly enough, it may
not have time to isomerize to trans or in the case of linoleic acid, when hydrogenation of
one of the double bonds is complete, the fatty acid molecule is released before hydroge-
nation of the second double bond can occur. The limited formation of C18:1t over silver
modified Ni-Mg-Ag/D catalytic system compared to that of the Ni-Mg/D system may be
explained by both, the changing of electronic properties and the presence of geometric
effect. The promoting effect of adding silver to the Ni-Mg/D system for SBO hydrogena-
tion is manifested for all the catalysts tested in this work when considering the reduced
TFA formation.

3.2.3. Kinetic study of SBO hydrogenation

Several kinetics models of the hydrogenation of fatty oils containing polyunsaturated fatty acids
were devised previously and reaction rate constants were evaluated for the various reactions
[104-107]. All of the proposed kinetic models including various reaction pathways were incom-
plete. From a practical standpoint, it is justified because of the extreme complexity of the com-
plete kinetic model, which would have to include all possible consecutive and isomerization
reactions.

A mathematical model has been developed to describe the kinetics of both the hydrogenation
and the cis/trans isomerization of SBO. A simple approach to model the rate constants for SBO
hydrogenation over studied catalysts is presented. The rate constant model is constructed assum-
ing the first order rate equations with respect to the compositions of the various cis and trans
fatty acids in the hydrogenated SBO. In this model, the fatty acids are divided into five groups:
(i) C18:2c—cis diunsaturated; (ii) C18:2t —trans diunsaturated; (iii) C18:1c—cis monounsaturated;
(iv) C18:1t—trans monounsaturated; (v) C18:0 —saturated (stearic acid). Mathematical equations
were developed for all groups of fatty acids as a function of reaction time. The k/s (i = 1-8) are the
respective first order reaction rate constants. Numerical solutions for the set of ordinary differ-
ential equations corresponding to the kinetic model were obtained through the Gear algorithm
[108]. The rate constants were computed from the kinetic experiments by minimizing the sums of
squares for deviations between the computed and experimental concentrations of studying fatty
acids. The minimization was performed by the simplex method [109].

A reaction scheme, time dependence concentration of fatty acids and the estimated rate con-
stants are presented in Figure 11 and Table 10.
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Figure 11. Hydrogenation of SBO: (a) reaction scheme; (b—d) correlation between experimental data and model
predictions for SBO hydrogenation over Ni-Mg/D and Ni-Mg-Ag/D catalytic systems under operating conditions used.

Sample code Rate constants®
k, k, k, k, k, k, k, kg
(min™) (min™) (min™) (min™) (min™) (min™) (min™) (min_1)
Ni-Mg/D 1.0x102  3.0x10* 1.0x102  35x10"  1.5x10°  25x10°  15x10%  15xq42
Ni-Mg-Ag,,/D  09x10%  56x10* 6.0x10°  6.0x10°  6.0x10"  2.0x10°  9.0x10°  1.0xqp2
Ni-Mg-Ag,./D  02x10%  3.0x10* 07x10°  25x10°  01x10" 09x10° 3.0x10°  4.0xqgs
Ni-Mg-Ag;,/D  0.1x10%  2.0x10* 04x10°  20x10° 01x10* 01x10° 15x10°  2.0xqys

.Refers to the first order kinetic rate constants.

Table 10. Hydrogenation of soybean oil over Ni-Mg/D and Ni-Mg-Ag/D catalysts—computed values of the rate
constants (T = 160°C).
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Table 10 reveals that the rate constants of isomerization reaction k, and k, and constant of satura-
tion reaction k,, corresponding to the stearic acid formation, are higher in the case of Ni-Mg/D
and Ni-Mg-Ag, /D catalyst samples. These observations are in agreement with experimental
data, shown in Table 9 related to the formed C18:1t and C18:0 during the hydrogenation of SBO.

Figure 11b—d shows a comparison between experimentally measured and simulated modeling
kinetics curves (parity plots for C18:1c and C18:1t—Figure 11b; C18:2c and C18:2t—Figure 11c;
C18:0—Figure 11d). As it can be seen, generally, the difference between experimental results
and model estimation is within 10%, which confirms the accuracy of the results. A model
agrees with the general knowledge in hydrogenation and the data were fitted fairly well by the
model. The proposed kinetic model could be applicable for the hydrogenation of SBO under
studied operating conditions.

3.3. Partial hydrogenation of sunflower oil (SFO)

3.3.1. Activity of Ni/SiG and Ni-Mg/PF catalysts in partial hydrogenation of SFO

The Ni/SiG and Ni-Mg/PF catalysts were tested for comparison, in order to determine their
activity in the sunflower oil hydrogenation. The obtained results in the laboratory reactor
system (Figure 3) are shown in Table 11 and Figure 12.

Sample code Activity results®
Nilccb IVselectedc t Hch rHZc A
(g) (min) (mol) (umol H, min g ) (umol H, min™" g~
8ol )
Ni/SiG-A 0.5510 108.7 18.55 0.894 53.5 97.2
Ni/SiG-B 0.5510 108.7 180.00 0.894 5.5 10.0
Ni/SiG-C 0.5511 108.7 47.34 0.894 21.0 38.1
Ni-Mg/PF-1 0.5400 108.7 6.92 0.894 143.5 265.8

*Process parameters: 160°C (temperature); 0.20 MPa (H, pressure); 1200 rpm (stirring rate).

"Ni loading in catalyst charge for hydrogenation run; Ni concentration: 0.06 wt% with respect to oil.

‘Selected value of IV to compare catalyst activity corresponds to the final iodine value (IV,) in the hydrogenation of
sunflower oil over the catalyst with the lowest activity (Ni/SiG-B).

YHydrogen consumption for decrease of iodine value from starting (131.5) to selected value.

Table 11. Sunflower oil hydrogenation over Ni/SiG and Ni-Mg/PF catalysts in laboratory reactor system—catalytic
activity test runs results.

A comparative study of SFO hydrogenation over Ni/SiG catalyst samples was performed at the
same level of conversion (17.3%) in order to obtain more accurate comparative results. Activity
was calculated according to Eq. (1) as hydrogenation overall activity, referred to the hydro-
gen consumption for a target IV value of 108.7. Analyzing the activity presented in Table 11,
a significant variation of the values obtained for the different catalysts can be observed. As all
catalysts are expected to present the same kind of active sites (metallic nickel), an explanation
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for this behavior should be sought in different structural and textural properties of the studied
catalysts. Considering the structure of the Ni/SiG-A, Ni/SiG-B and Ni/SiG-C samples and dis-
persion of the nickel metal, no clear correlation of the experimental data was found. It is likely
that nonuniform distribution of nickel is the main reason for this behavior of the studied cata-
lysts. To verify this assumption, it is necessary to establish a functional relationship between the
concentration of the available nickel surface area in the reaction mixture and the initial global
hydrogenation rate [110]. Analyzing the results of NP measurements for the Ni/SiG system
(Table 4), it appears that the activity of the samples is associated with their mesoporosity. The
hydrogenation overall activity Ni/SiG-B < Ni/SiG-C < Ni/SiG-A follows the same order as sur-
face area in the mesopore range (available for the hydrogenation, see Tables 4 and 11).

40 Ni-Mg/PF-1 - C18:2% 7 Ni-Mg/PF-1 - C18:¢
= C18:1¢ = C18:1c
- C18:2 -= C18:2
= = C18:1t . - C18:1t
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Figure 12. Time course (a) and IV decay (b) profiles of reactants and products during the hydrogenation of SFO over the
Ni-Mg/PF-1 catalyst.

Regarding the performance of the Ni-Mg catalyst supported on perlite (Ni-Mg/PF-1), the
hydrogenation activity was found to be very high. In addition, the Ni-Mg/PF-1 catalyst dem-
onstrated a high activity in SFO deep hydrogenation (decrease in IV of 82.8, Figure 12) [31].

In Figure 12a, linoleic acid (C18:2c) was almost depleted within 30 min of reaction. This
may be attributed to complex reactions evolving concomitantly. Such reactions may include
hydrogenation of C18:2c to C18:1t; isomerization of C18:2c to C18:2f then hydrogenation to
C18:1t as well as isomerization of C18:12c to C18:1¢. The level of oleic acid initially increased,
then leveled off; while the stearic acid rapidly increased. The monoenic trans fatty acid con-
tent (C18:1t) monotonically increased up to 33.8% after 30 min of reaction and continued
to decrease slowly reaching a final level of 32.3%. Dienic trans fatty acid profiles (C18:12t)
exhibited a different behavior characterized by an increase up to 4% followed by a decrease
due to their conversion to stearic acid and possibly also to trans monoenic acid (C18:1t). From
the standpoint of health and technical functional properties, taking into account unsatisfac-
tory product distribution (34.3% TFAs and 37.6% stearic acid), it is necessary to optimize the
properties of this catalyst with the aim of finding a good compromise between the activity
and capacity to produce undesirable TFAs and stearic acid.
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3.3.2. Kinetic study of SFO hydrogenation over Ni/SiG catalysts

A lumped kinetic model was developed to describe the evolution of the products during the
SFO hydrogenation over the Ni/SiG system. This model considers the saturation of double
bonds along the fatty acid chains and cis/trans isomerization, which take place simultane-
ously with the hydrogenation of fatty acids. The assumed reaction pathway is described in
Figure 13a. The reaction pathway contains 12 reactions that include all possible reactions.
The reaction scheme does not exclude reverse isomerization reactions (trans to cis), nor does
it exclude hydrogenation with isomerization (C18:2t to C18:1c), but their low probability is
emphasized with dashed arrows (see Figure 13a). Due to the fact that there are 12 reactions
we considered all 12 reaction rate constants. For calculation of kinetic parameters, the same
method as for the hydrogenation of SBO was used. Lines in Figure 13b-d depict the pre-
dicted data of fatty acid composition for the catalysts with the highest (Ni/SiG-A) and the
lowest (Ni/SiG-B) activity. Table 12 shows the best fitting kinetic constant values for all three
catalysts.
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Figure 13. Hydrogenation of SFO: (a) reaction pathway; (b-d) correlation between experimental data and model
predictions for SFO hydrogenation over Ni/SiG catalysts under the experimental conditions used.
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The results in Table 12 indicate that the values of the rate constants show a significant differ-
ence, regardless of the catalyst activity and hence the contribution of the individual reactions
in the reaction mechanism can be recognized.

Rate constants® Sample

Ni/SiG-A Ni/SiG-B Ni/SiG-C
k,, . (min) 9.6 x 10 2.3 x10° 2.8 x107
k,., (min) 1.1x 107 1.1x107 22x10°
k, , (min™) 43x10°3 8.0 x 107 2.7 x103
k,,,, (min™) 8.5x107 1.0 x 107 2.4 %107
k., (min) 2.0x107 6.7 x 107 1.4 x10°
k,,, (min™) 1.1x10? 4.7 x 107 9.2 x103
k,,, (min™) 2.6x10° 6.3 x 10 8.0 x 10
k.. (min) 12x10° 53 x107 2.6 x 107
k., (min) 8.2x 104 2.0x107 9.2x 10"
k,,, (min™) 1.8 x10° 8.7 x 10 3.6x10°
k., (min™) 2.2x10° 1.7x10° 2.0x10°
k. (min™) 25x10¢ 9.3 x 10710 4.6 %1010

“Values in bold show significant rate constants.

Table 12. Kinetic constant values for Ni/SiG catalysts at 160°C and 0.2 MPa.

In order to simplify the reaction pathway shown in Figure 13a, without compromising
the accuracy of predicting the concentration of fatty acid change as criteria of importance
for some rate constants, we used a value of 1% of the highest rate constant for the particu-
lar catalyst (1% k__ ). Rate constants higher than 1% k__ were declared as significant and
marked bold in Table 12. On the contrary, rate constants less than 1% k__ are associated
as insignificant. It was shown that the number of significant rate constants increases as the
activity of the catalysts grows higher. Significant constants, higher than 1% k__, show that
Ni/SiG-A has 8, Ni/SiG-C has 7, while the least active catalyst, Ni/SiG-B, has the lowest
value 5. Using the criteria of 1% k__, we can rewrite a reaction pathway (Figure 13a), which
will include only significant rate constants for each individual catalyst and are given in
Figure 14.

Using the reduced reaction pathways, reaction rates were rewritten, using only significant
rate constants and the process of hydrogenation was simulated with only those reaction rates.
Values of rate constants then obtained were the same as the ones obtained by the initial reac-
tion mechanism, which indicates that the reduction of the initial reaction pathway changes as
a function of catalyst activity.
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Figure 14. Reduced reaction pathways for three different catalysts: (a) Ni/SiG-A; (b) Ni/SiG-C; (c) Ni/SiG-B.

4. Conclusions

The characteristics, structure and catalytic behavior of high loading nickel-based catalysts
supported on diatomite, silica gel and perlite have been analyzed. Nickel-based supported
catalyst precursors were prepared by the precipitation-deposition method. The results show
that the state, reducibility and dispersion of nickel in supported nickel-based catalysts vary
depending on the nature of support and the preparation parameters.

Combined nitrogen physisorption and mercury porosimetry studies showed that the studied
nickel-based supported systems had a high specific surface area and a well-developed porous
structure, containing mesopores stable to thermal reduction treatments.

The results concerning the influence of the preparation stage and nature of the support and
the modifier clearly illustrate the features of the supported Ni** phase and demonstrate that
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IR and XRD measurements may offer as an effective tool to identify nickel species and their
interaction with support in differently supported and modified nickel-based catalyst precur-
sors. From the results obtained by both IR and XRD instrumental techniques, it could be
concluded that during the deposition reaction under alkaline conditions, the silica as the con-
stitutive component of all studied supports reacts with the basic nickel carbonate precipitate
and generates the new supported nickel hydrosilicate phase.

The TPR results demonstrate rather well the differences between Ni compounds formed on the
surface of supports. The weak metal-support interaction in the Ni-Mg/PF system is probably
responsible for the hydrosilicate formation at a low level, which could decrease the difficulty in
the system reduction. The Ni-Mg/D and Ni/SiG systems are difficult to reduce and are comparable
in reduction characteristics to nickel hydrosilicates. The addition of silver to the Ni-Mg/D system
significantly affected reducibility of nickel-based catalysts. Larger nickel crystallites in silver modi-
fied nickel catalysts displayed easier nickel reduction than smaller ones in the Ni-Mg/D catalyst.

The hydrogen chemisorption study showed that the size of nickel nanoparticles obtained in
the studied catalyst precursor systems depended on the nature of precursor nickel salt from
which they are formed, the kind and loading of metal modifier and the type of support used.

The XPS study of Ni/SiG, Ni-Mg/D and Ni-Mg-Ag/D precursor samples confirm the forma-
tion surface species with different strength of interaction and different dispersion of the sup-
ported nickel species.

The silver modifier inhibits hydrogenation activity, this effect being more obvious as the Ag
loading is higher. Modification by silver allowed us to promote the selectivity toward the cis
isomers, but the catalyst is less active than the non-modified catalyst in the partial hydrogena-
tion of soybean oil.

Among the catalyst samples studied, the highest activity in the sunflower oil hydrogenation
was observed over the Ni-Mg/PF-1 catalyst suggesting that the Ni-Mg/PF-1 catalyst is a prom-
ising catalyst for SFO hydrogenation. Although Ni/SiG catalysts show a lower overall activity,
this system also could be considered as good, since they produced less amount of stearic acid
compared to the Ni-Mg/PF system.

The kinetic models include the saturation of double bonds along the fatty acids chains and
cis/trans isomerization. Under studied operating conditions models proved to adequately fit
the experimental data for the evolution of product distribution with reaction time. It was
shown that the catalysts of different activities had different reaction pathways. The more
active catalysts, the reaction pathways multiply and require more complex reaction scheme
to describe the results of the catalytic tests.
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